introduction
============

In many cell types, binding of ligands to plasma membrane receptors activates the hydrolysis of phosphatidylinositol 4,5-bisphosphate by membrane-bound phospholipase C, generating inositol 1,4,5-trisphosphate (IP~3~).^1^ IP~3~ causes the release of Ca^2+^ from intracellular stores including the endoplasmic reticulum (ER) by binding to its receptors (IP~3~R) ([@B72]; [@B3]; Putney and Bird, 1993). Several types of IP~3~R as products of different genes ([@B44]; [@B80]) with alternatively spliced isoforms ([@B47]; [@B73]) have been identified and sequenced. The IP~3~Rs have ∼2,700 amino acid residues in IP~3~ binding, regulatory (modulatory) and transmembrane channel domains ([@B45]; [@B47]; [@B73]), and form tetramers ([@B45]). The putative transmembrane domains of the receptors have sequence homology with some of those in the ryanodine receptor ([@B73]), a muscle sarcoplasmic reticulum Ca^2+^ channel ([@B79]). Reconstitution of purified IP~3~R demonstrated that the receptor itself is a Ca^2+^ channel ([@B68]).

Defining the details of the single-channel properties of the IP~3~R has been hampered by its intracellular location. Single-channel studies have been accomplished by reconstituting the IP~3~R channels (purified or in membrane vesicles) into planar lipid bilayers ([@B19]; [@B7], 1994; [@B77]; [@B37], [@B38]; [@B5], [@B6]). However, because reconstitution protocols isolate the IP~3~R from its native membrane environment and possibly disrupt normal protein--protein and protein--lipid interactions, channel properties and regulation of IP~3~R observed in bilayers may not faithfully reflect the situation in situ. To circumvent these problems associated with recording currents through intracellular ion channels, we and others ([@B35]; [@B67]) have applied the patch clamp technique to isolated cell nuclei. The rationale of this approach is the observed continuity of the ER with the outer membrane of the nuclear envelope ([@B18]) and the successful application of the patch clamp technique to the nuclear envelope despite the presence of nuclear pores ([@B39], [@B40]; [@B69]; [@B9], [@B10], [@B11]; [@B36]). Physiological, biochemical, and immunocytochemical studies have implicated the nuclear envelope as an IP~3~-sensitive Ca^2+^ store in several cell types ([@B33]). Of particular relevance for the present study, the IP~3~R has been localized to the nuclear envelope in *Xenopus laevis* oocytes ([@B56], [@B55]; [@B32]; [@B12]). Patch clamp of the outer membrane of isolated *Xenopus* oocyte nuclei revealed IP~3~-sensitive ion channel activities, providing the first demonstrations of the single-channel properties of IP~3~R in its native membrane environment ([@B35]; [@B67]).

In our initial study ([@B35]), we demonstrated that one of the most frequently observed channels in outer nuclear membrane patches exposed to 10 μM IP~3~ and 200 nM free Ca^2+^ in the pipette solution, was the IP~3~R, as evidenced by its activation by IP~3~ and inhibition by the competitive inhibitor heparin. This IP~3~R was likely the type 1 isoform since this isoform has been localized to both the ER and nuclear envelope of *Xenopus* oocytes ([@B56], [@B55]; [@B32]; [@B12]), and it is likely the only sub-type expressed by the oocyte ([@B31]). The *Xenopus* IP~3~R was found to be weakly Ca^2+^-selective, with ion permeabilities P~Ca~/P~K~/ P~Cl~ = 8:1:0.05. Multiple conductance states, current-voltage (*I-V*) relation in symmetric and asymmetric ionic conditions, some kinetic properties, and the inactivation or run-down in the continuous presence of IP~3~ of the IP~3~R channel were described. Some of these properties of the IP~3~R in its native membrane environment were different from those described for rat cerebellar IP~3~R reconstituted in lipid bilayers ([@B7]; [@B77]; [@B6], 1995). In this paper, we describe more detailed studies of the endogenous IP~3~R in the *Xenopus* oocyte, characterizing for the first time the detailed kinetic properties of the channel and its inactivation, and the distribution of functional IP~3~R channels in the outer nuclear membrane.

materials and methods
=====================

Isolation of Individual Oocyte Nuclei
-------------------------------------

Maintenance of *Xenopus laevis*, surgical extraction of ovaries and storage of the extracted ovaries were described previously ([@B35]). Stage VI oocytes ([@B65]) were isolated from the ovary just before the experiments and opened mechanically. The translucent nucleus was gently separated from the cytoplasmic material in the bathing solution and transferred to a culture dish containing the same solution on the stage of a microscope for patch-clamp experiments.

Patch Clamping the Oocyte Nucleus
---------------------------------

The isolated nucleus was gently immobilized as described previously ([@B35]). A patch pipette (5--20 MΩ when filled with 140 mM KCl) was placed so that its tip came into contact with the outer membrane of the nucleus, as indicated by an increased (≈10%) pipette resistance. Gigaseals formed (\>80% success rate) when gentle suction (5--20 mmHg) was applied to the pipette. To estimate the duration of channel activity, current recording was started as soon as the seal resistance exceeded 200 MΩ (3--10 s after the pipette tip contacted the nucleus), before it attained its final stable value. Due to inactivation or run-down of the IP~3~R channels ([@B35] and this study), all experiments were done in the "on-nucleus" configuration without excision of the patched membrane. No difference was detected in the current-voltage relation of the channels observed before and after excision of the membrane patches ([@B35]; Fig. [1](#F1){ref-type="fig"}). This indicated that the cation composition of the solution in the perinuclear space between the inner and outer nuclear membranes is similar to that of the bath solution in these experiments. Following standard conventions, the applied potential is the potential difference between the pipette electrode and the reference bath electrode. Accordingly, positive current flowed from pipette outward. All patch clamp experiments were performed at room temperature under symmetrical ionic conditions with the pipette solution containing 10 μM IP~3~.

Data Acquisition and Analysis
-----------------------------

Single-channel currents were amplified with an Axopatch-1D amplifier (Axon Instruments, Foster City, CA) with anti-aliasing filtering at 1 or 5 kHz, transferred to a Macintosh Centris 650 via an ITC-16 interface (Instrutech Corp., Great Neck, NY), digitized at 2 or 12.5 kHz, respectively, and written directly onto hard disk by Pulse+PulseFit software (HEKA elektronik, Lambrecht, Germany). Data were analyzed (with further digital filtering when necessary) and fitted with theoretical curves using MacTac 2.0 (Skalar Inst., Seattle, WA), pCLAMP 6.0.2 (Axon Instruments), and Igor Pro 3 (WaveMetrics, Lake Oswego, OR).

Materials and Solutions
-----------------------

IP~3~ and BAPTA (1,2-bis(*O*-aminophenoxy)ethane-*N*,*N*,*N′*,*N′*-tetraacetic acid) were from Molecular Probes (Eugene, OR); ATP (magnesium salt), EGTA, and inorganic salts were from Sigma Chem. Co. (St. Louis, MO). The standard solution contained 140 mM KCl, 10 mM HEPES, 3 mM MgCl~2~, 1 mM MgATP, 1 mM BAPTA, 0.543 mM CaCl~2~ at pH 6.95 with calculated free \[Ca^2+^\] of 200 nM, and was used in all experiments unless specified otherwise. Free \[Ca^2+^\] in various solutions was calculated using Maxchelator software (C. Patton, Stanford University, CA). K^+^ was used as charge carrier since Ca^2+^ at high concentrations may inhibit IP~3~R activity ([@B7]). The basic oocyte nucleus solution (BONS) used previously ([@B35]) had the same ionic composition but contained no MgATP.

results
=======

Channel Identity
----------------

In symmetric standard solution, channels with multiple conductance states were observed in the oocyte outer nuclear membrane. The channel current-applied voltage (I-V) relation of the most-frequently observed conductance state M ("main") of the channel is nonlinear with rectification at high applied potentials (Fig. [1](#F1){ref-type="fig"}). The slope conductance of the channel around 0 mV was 113 pS, and gradually increased to ∼300 pS around +60 mV. This I-V relation is practically identical to that of state M of IP~3~R observed previously in symmetric BONS ([@B35]). To confirm the identity of these channels as IP~3~R, statistical means were used to determine the responses to IP~3~. Multiple patches were obtained from nuclei (4--10 patches from each nucleus) in which the probability (*P* ~d~) of detecting the described channels in the presence of IP~3~ was high (\>0.5), with the pipette solution alternately containing either no IP~3~ or 10 μM IP~3~. Channels as described were observed in 20 of 26 patches with IP~3~ from 6 different nuclei, but not observed in any of 14 patches with no IP~3~. In a similar series of experiments with the pipette solutions containing either IP~3~ or IP~3~ together with 100 μg/ml heparin (a competitive inhibitor of IP~3~R), channels as described were observed in 9 of 18 patches with IP~3~ from 2 nuclei, but not in any of the 10 patches with IP~3~ and heparin ([@B35]).

Other channel activities were observed independent of the presence of IP~3~ in the pipette solution. They were easily distinguished from IP~3~R channels by their conductances (either \>400 pS or ∼20 pS), their linear I-V relation, and their gating kinetics.

IP~3~R Localization in Clusters
-------------------------------

A significant proportion (59/102) of the active patches (102 active/740 patches) in the standard solution in which IP~3~R activities were detected contained multiple IP~3~R channels, as identified by current records showing three or more equally spaced current levels, each corresponding to the conductance value of state M (Fig. [2](#F2){ref-type="fig"}). In contrast, only 19 patches exhibited just one open channel current level of state M. Two equally spaced current levels (M and D) were detected in 24 patches (Fig. [1](#F1){ref-type="fig"} *B*). Whether such double-level records represent two channels or a substate of a single channel is discussed later. In either case, the high proportion of multiple-channel patches suggests that IP~3~Rs are not distributed evenly over the surface of the outer nuclear membrane, but are localized in clusters (Fig. [3](#F3){ref-type="fig"}).

In addition to the high frequency of observing patches with multiple channels, other data obtained also support the idea that the IP~3~R exists in clusters. With the oocyte nucleus secured by a stabilizer ([@B35]), video imaging enabled membrane patches to be repeatedly obtained from approximately the same area (± 2 μm). In 13 of 67 nuclei in which IP~3~R activities were detected (137 nuclei examined), "macroscopic regions" on the membrane surface were defined in which *P* ~d~ (0.74, *n* = 72) was significantly higher than the overall *P* ~d~ (0.14, *n* = 740), or the *P* ~d~ of other regions on the same nuclei (0.19, *n* = 52). Also, active patches obtained within such regions contained significantly (*P* \< 0.02) more IP~3~R channels (202 current levels in 53 patches) than all the other active patches (133 levels in 49 patches). In a 25 × 55 μm region, whose boundary was mapped by a large number of patches obtained, IP~3~R activities were detected in all 7 patches obtained, with 6 patches showing more than one current level, whereas no IP~3~R activity was detected in all 4 patches obtained outside the region. In another such region of similar size of another nucleus, multi-level IP~3~R activities were detected in all 6 patches obtained, and IP~3~R activity with only one current level was detected in 1 of 8 patches obtained outside the region. While the exact size and shape of such active regions could not be determined because each recording examined only a small membrane area (∼1 μm^2^), these results strongly suggest that besides the "microscopic clustering" (\<1 μm in diameter) of the IP~3~R channels that give rise to a high frequency of obtaining membrane patches with multiple channels, IP~3~Rs are also organized into "hot regions" that can extend over several to tens of micrometers.

Normal Kinetics of the IP~3~R
-----------------------------

The kinetics of the IP~3~R observed in the standard solution in the present study (Figs. [1](#F1){ref-type="fig"} *B* and [4](#F4){ref-type="fig"}) were characterized by a relatively high open probability (*P* ~o~) (mean *P* ~o~ = 0.4 at 20 mV for 15 experiments lasting a total of 582 s) and average open duration for state M of between 9 and 22 ms (*n* = 5; filtered at 1 kHz). Intrinsic inactivation or run-down of the IP~3~R after exposure to IP~3~ (data presented below) limited the number of long experiments available for detailed kinetic study. In those experiments with sufficient opening and closing events for kinetic analyses (*n* = 7), dwell time distribution histograms of the closed C and open M states typically had to be fitted with at least 2 exponential components each (Fig. [5](#F5){ref-type="fig"}). Since the dwell time distributions obviously extend beyond the resolution of our experiments, both states C and M might have exponential components with time constants shorter than 1 ms. Assuming that the channel kinetics are Markovian and steady throughout the duration of channel activity, the dwell time histograms indicated that there are at least two kinetically distinguishable main states with time constants τ \< 5 ms and ∼20 ms. The channel also has at least two closed states with time constants τ ∼1 and ∼10 ms. Furthermore, in many experiments (\>40%), periods of high channel activity were separated by quiescent (*P* ~o~ = 0) periods that could last from several seconds to \>10 s (Fig. [6](#F6){ref-type="fig"} *A*). This indicated that the channel must also have at least one long closed kinetic state C~long~ with time constant \>1 s.

In patches (*n* = 5) in which the IP~3~R remained active long enough for kinetics to be observed at various applied potentials *V* ~app~ (\>15 s at each *V* ~app~), there was no consistent correlation between the dwell time distributions for the main and closed channel states and *V* ~app~ (Fig. [5](#F5){ref-type="fig"}). In those patches (2/5) that showed current level D, the probability of observing the channel current in level D (*P* ~D~) also did not show noticeable correlation with *V* ~app~ (Fig. [6](#F6){ref-type="fig"} *B*). The only consistent effect of voltage on channel kinetics was an increase in the number and duration of long quiescent periods observed under higher *V* ~app~ (Figs. [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"} *A*), which tended to decrease the *P* ~o~ averaged over the whole duration of channel activity at constant applied potential (Fig. [6](#F6){ref-type="fig"}). However, as shown in Fig. [6](#F6){ref-type="fig"} *A*, long quiescent periods were often observed at low *V* ~app~ as well. Detailed investigation of the voltage dependence of C~long~ kinetic state was hindered by the inactivation of the channel. As *V* ~app~ increased, the quiescent periods increased and only a few periods of activity could be observed before the channel inactivated.

Conductance States of IP~3~R
----------------------------

As in BONS ([@B35]), in addition to state M, a rare state H ("half") with conductance half that of the main state M in the standard solution was observed briefly (duration \<0.1 s) in 6 of 102 active patches. A current level corresponding to the state D ("double") described in [@B35] with conductance twice that of state M was observed in 24 of 102 active membrane patches (Fig. [1](#F1){ref-type="fig"} *B*). Two additional states with different conductances were observed in our present study, but only very rarely (\<0.1% of total channel open time). These included a large state L (in 9 patches, Fig. [7](#F7){ref-type="fig"} *A*) with conductance value ∼1.3 times that of state M, and a small state S with conductance value ∼0.7 times that of state M (in 5 patches, Fig. [7](#F7){ref-type="fig"} *B*). The relation of state S to the IP~3~R was established by observations of transitions between IP~3~R state M and state S without channel closing (Fig. [7](#F7){ref-type="fig"} *B*). Furthermore, both states L and S were only observed in patches in which the main IP~3~R state M was also observed.

The issue of whether current level D is a true substate of a single channel or reflects the activity of two channels is complicated by the fact that its conductance is exactly twice that of the predominant state M. The large number of patches with two equally spaced current levels relative to that of single current-level patches (Fig. [3](#F3){ref-type="fig"}) suggests that current levels D and M are physically associated and that level D is likely not generated by the random inclusion of two channels in the patches. Several observations further suggest that the gating kinetics of IP~3~R to levels M and D are highly correlated. Theoretically, two identical, independent active channels should generate currents with open probabilities *P* ~1~ and *P* ~2~ (probabilities that one or both channels were open, respectively) described by the binomial probability distribution: $$\documentclass[10pt]{article}
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However, of the 24 patches showing only current levels M and D, only one demonstrated an experimental probability of the channel current being at level M (*P* ~M~) that agreed with the theoretical probability *P* ~1~, calculated using the experimental probability that the channel current was at level D (*P* ~D~) as *P* ~2~ in the equation (Fig. [8](#F8){ref-type="fig"} *A*). The other patches had *P* ~M~ significantly different from the theoretical *P* ~1~ (Fig. [8](#F8){ref-type="fig"} *B*). This suggests that most of the channel records showing current level D were not caused by two identical, independent channels located in the same membrane patch. In most patches with current level D, there were long periods (over several seconds) during which only current level M was observed (*t* after 117.5 s in Fig. [6](#F6){ref-type="fig"} *B*, and between 110 and 160 s in Fig. [8](#F8){ref-type="fig"} *B*). The *P* ~o~ (*P* ~M~ + *P* ~D~) during these periods was not noticeably different from that during those periods in which level D was observed (Figs. [6](#F6){ref-type="fig"} *B* and [8](#F8){ref-type="fig"}, *A* and *B*). Also, the dwell time distributions for the closed state C in the presence and absence of current level D were practically indistinguishable (data not shown). Furthermore, two patches showing current levels M and D exhibited long quiescent periods, with levels D and M both occurring within the relatively short periods of channel activities (Fig. [8](#F8){ref-type="fig"} *C*). These observations were unlikely to be caused by two independent channels in the patched membrane even if the channels had erratic open probabilities with long quiescent periods. They probably reflect the presence of either two interdependent cooperative channels each exhibiting state M only, or a single channel with true states M and D.

Inactivation of the IP~3~R
--------------------------

A prominent feature of the IP~3~R channel activities observed in our experiments was inactivation or run-down of the channels in the continuous presence of IP~3~ in the pipette, in standard solution (Fig. [4](#F4){ref-type="fig"} *A*) as well as BONS ([@B35]). Channels could be activated upon gigaseal formation for \>2 h after the nucleus was isolated, indicating that inactivation required activation by IP~3~. Inactivation was generally abrupt, with no significant difference between *P* ~o~ of a channel just before inactivation and just after it had been activated (Figs. [4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"} *B*). However, the rapidity of the onset of inactivation (usually \<2 min) prevented the detailed analysis necessary to determine if the channel kinetics (dwell time distributions of states C and M) varied significantly during the course of inactivation.

In ∼10% of patches (9/102) with IP~3~R channel activities, the channels could be reactivated after inactivation, by an increase in *V* ~app~ of 20--40 mV (Fig. [9](#F9){ref-type="fig"}). In two of these patches, channel inactivation was reversed twice by repeated jumps in *V* ~app~, using a voltage protocol similar to that shown in Fig. [9](#F9){ref-type="fig"}. Thus, an active IP~3~R can enter at least two distinguishable inactivated states: one (I~Vdep~) from which it can be reactivated by a jump in *V* ~app~ (first inactivation in Fig. [9](#F9){ref-type="fig"}), and an irreversible one (I~irr~) from which it cannot exit in the continuous presence of IP~3~ under our experimental conditions (second inactivation in Fig. [9](#F9){ref-type="fig"}). In all our experiments, *V* ~app~ was pulsed several times after channel inactivation, as in Fig. [9](#F9){ref-type="fig"}, to ensure that the observed channels had entered the irreversible inactivated state I~irr~ before the experiments were terminated.

The histogram of the duration of channel activity in patches with only one open channel current level M (Fig. [10](#F10){ref-type="fig"} *A*) could be fitted by one exponential function with a time constant of 21.1 ± 0.6 s (*n* = 24, including six experiments that had previously been reactivated by a jump in *V* ~app~). This indicates that channel inactivation is probably a Markovian process with a time-independent probability for an active channel to become inactivated under constant experimental conditions. As IP~3~R activation by exposure to IP~3~ probably occurred some time before the seal resistance became high enough for the channel current to be monitored, it was impossible to determine the time of channel activation with accuracy greater than ±5 s, the average time that elapsed from the positioning of the micropipette containing IP~3~ onto the nuclear membrane to the formation of the gigaseal. Thus, exponential components of inactivation with time constants shorter than 10 s could not be observed properly in our experiments. Also, since each experiment surveyed at most a few active channels, inactivation components with low relative weights and/or long time constants could not be observed properly due to the small sample size.

The duration of channel activity in patches with more than two equally-spaced channel current levels (from three to eight levels) was defined as the duration between the formation of the gigaseal (when seal resistance exceeded 200 MΩ) and the last observed channel closing event. Assuming that the channels in the same patch were identical and inactivation was Markovian with a single exponential component of time constant τ, the probability that an active channel observed at the time of seal formation (*t* = 0) becomes inactivated by time *t* is ∝ 1 − *e* ^−(*t*/τ)^. The probability that all of the *k* channels in a multi-channel patch are inactivated by time *t* is ∝ \[1 − *e* ^−(*t*/τ)^\]*^k^*. Thus the probability that any channel in the *k*-channel patch remains active by time *t* ∝ {1 − \[1 − *e* ^−(*t*/τ)^\]*^k^*}. In 41 experiments showing three or more open channel current levels (no reactivated experiments), the average number of current levels observed was 4.63. The values of τ derived from the best fit of the theoretical equation to the duration histogram (Fig. [10](#F10){ref-type="fig"} *B*) were 47, 41, 38, and 35 s (± 3 s) for *k* = 3, 4, 5 and 6, respectively. The statistically significant difference between the time constants for channel inactivation in single and multiple-channel patches (*P* \< 0.001 even assuming *k* = 6) suggested that IP~3~R channels in multiple-channel patches do not inactivate independently, since they persist longer after IP~3~ activation than those in single-channel patches.

Flicker Kinetics of the IP~3~R
------------------------------

In ∼25% of active patches (26/102), the channels also exhibited a radically different kinetic mode. In this "flicker" mode, a channel demonstrated bursts of activity during which it alternated rapidly between two new conductance states: F~1~ and F~2~ (Fig. [11](#F11){ref-type="fig"} *B*). Between the bursts of activity, the channel exhibited a relatively long closed state. Direct transitions between either of the flicker states (F~1~ and F~2~) and the closed state (C) were observed (Fig. [11](#F11){ref-type="fig"} *C*). Channels were observed to convert spontaneously between flicker and normal modes, often several times in the same experiment. The channels some times changed directly between the flicker states (F~1~ and F~2~) and state M in the normal mode without closing (Fig. [11](#F11){ref-type="fig"} *C*). Channels were found in the flicker mode at the formation of the gigaseal (3/26) or they entered the flicker mode from the normal mode spontaneously (10/26); in half of the experiments with channels in the flicker mode, the flicker activity appeared after the channels were activated by a jump in *V* ~app~ (*n* = 13, including two patches in which the channel was  already in flicker mode before undergoing voltage-  reversible inactivation and six patches with no recorded channel activity before the jump in *V* ~app~). Channels in the flicker mode irreversibly inactivated directly (*n* = 8), or subsequent to conversion to the normal mode (*n* = 13). (The gigaseal broke before channel inactivation in the remainder of the experiments that exhibited the flicker channel activity.)

In two experiments in which the channel remained in the flicker mode for an extended period (\>200 s), a change of *V* ~app~ from positive to negative (20 mV to −20 or −40 mV) caused the channel to close completely. Channel activity only resumed (in the flicker mode) when *V* ~app~ was returned to positive. Channels were never observed in the flicker mode under negative *V* ~app~. This contrasts with the channels in the normal mode, which were active in both positive and negative *V* ~app~.

The duration distribution of the inter-burst closed state in the flicker mode (Fig. [5](#F5){ref-type="fig"} *C*) was comparable to that of the closed state in the normal kinetic mode under the same *V* ~app~ (Fig. [5](#F5){ref-type="fig"} *B*). This suggests that the closed states in the flicker and normal modes are kinetically indistinguishable. The increases in number and duration of long quiescent periods under higher *V* ~app~ were also observed for channels in the flicker mode, as for those in the normal mode. The duration of the bursts of activity of an IP~3~R channel in the flicker mode (Fig. [5](#F5){ref-type="fig"} *C*) had a distribution which was comparable to that of state M in the normal kinetic mode under the same *V* ~app~ (Fig. [5](#F5){ref-type="fig"} *B*).

The current levels for the states C, F~1~, and F~2~ and their occupation probability distributions were determined from the current amplitude histogram (Fig. [12](#F12){ref-type="fig"} *A*). The count of current data points was fitted by the sum of three Gaussian functions: $$\documentclass[10pt]{article}
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where *s* represents the states C, F~1~, and F~2~ ([@B61]), and *W~s~* are the relative weights of the Gaussian functions. The mean current level for state *s* was taken to be the peak current value *i~s~* of the corresponding Gaussian function. The channel current amplitude *I* ~F1~ for state F~1~ is then (*i* ~F1~ − *i* ~C~), and *I* ~F2~ for state F~2~ is (*i* ~F2~ − *i* ~C~). The ratio of the areas under the F~1~ and F~2~ Gaussian curves: (*W* ~F2~ σ~F2~)/(*W* ~F1~ σ~F1~) was used as the relative occupational probability *P* ~F2~/*P* ~F1~ of the flickering states F~1~ and F~2~ during the bursts of channel activity. The deviation of the current amplitude histogram from the theoretical fit between *i* ~F1~ and *i* ~F2~ in Fig. [12](#F12){ref-type="fig"} *A* was an artifact caused by filtering and was reduced by raising the filtering frequency. However, the relevant features of the theoretical fit, i.e., the ratio between the areas of the F~1~ and F~2~ Gaussian peaks (*W* ~F2~ σ~F2~)/(*W* ~F1~ σ~F1~) and the location of the Gaussian peaks *i* ~C~, *i* ~F1~, and *i* ~F2~ were not significantly affected by the filtering frequency (between 1 and 5 kHz).

The current amplitude ratios *I* ~F1~/*I* ~M~ = 0.27 ± 0.01 and *I* ~F2~/*I* ~M~ = 0.78 ± 0.01 (*I* ~M~ was determined from current amplitude histograms of channels in the normal mode) showed no systematic voltage dependence (Fig. [12](#F12){ref-type="fig"} *B*). Since state M of the channel in the normal kinetic mode had a nonlinear I-V relation (Fig. [1](#F1){ref-type="fig"} *A*), the I-V relation for the flicker mode must also follow the same nonlinear relation over the observed voltage range. This result further confirms that the channel activity in the flicker mode was generated by the IP~3~R.

The relative occupation probability of the flicker states *P* ~F2~/*P* ~F1~ exhibited a voltage dependence (Fig. [12](#F12){ref-type="fig"} *C*), which could be fitted theoretically by a Boltzmann distribution *P* ~F2~/*P* ~F1~ ∝ exp(*z e V* ~app~/*kT*) with *z* = 1.33 ± 0.05 corresponding to an equivalent of 1.33 electron charges moving across the entire applied transmembrane electric field when the channel changes from the configuration of state F~1~ to that of state F~2~. An increase of 19.5 ± 0.7 mV in *V* ~app~ will cause an *e*-fold increase in *P* ~F2~/*P* ~F1~. The voltage range of our analyzed data was restricted at high *V* ~app~ by the occurrence of long inter-burst quiescent periods, which limited the amount of data that could be obtained, and at low *V* ~app~ due to the difficulty of resolving the F~1~ and C.

The applied potential affected the dwell time distributions of both flicker states. Increasing *V* ~app~ shortened the mean dwell time of F~1~ (Fig. [13](#F13){ref-type="fig"} *A*) while lengthening that of F~2~ (Fig. [13](#F13){ref-type="fig"} *B*). Only one exponential component was resolved for each flicker state. Thus, in the simplest model, the channel has one kinetic state corresponding to F~1~ and one corresponding to F~2~. The channel passes through an activated state F\* during the transition between F~1~ and F~2~. Since the F~1~ ′ F~2~ transitions are the predominant transitions (\>95%) involving the flicker states, by the Arrhenius theory, the time constant τ~F1~ of state F~1~ ∝ exp\[(− *z e d* ~1~ *V* ~app~)/*kT*\], where (*z e d* ~1~ *V* ~app~) is the voltage-dependent part of the activation energy of the F~1~ → F~2~ transition, and *d* ~1~ *V* ~app~ is the fraction of the membrane potential that the charge *z e* experiences when the channel configuration changes from F~1~ to F\*. Similarly, τ~F2~ ∝ exp\[(*z e d* ~2~ *V* ~app~)/*kT*\]. Assuming that the value of 1.33 for *z* deduced from *P* ~F2~/*P* ~F1~ is the same as the ones for F~1~ → F\* and F\* → F~2~, the voltage dependence of the time constants of the flickering states (Fig. [13](#F13){ref-type="fig"} *C*) gave *d* ~1~ = 0.64 ± 0.07 and *d* ~2~ = 0.38 ± 0.07.

discussion
==========

The Conductance States of IP~3~R
--------------------------------

The *Xenopus* IP~3~R ion channel is a multi-conductance cation channel in its native membrane environment, possessing at least four, and possibly five open-channel conductance states. A predominant state M was ∼113 pS at low voltages (between ± 20 mV) in the presence of 140 mM K^+^. The conductance of state M is twice that of a state H within experimental error (Mak and Fos-kett, 1994). Whether current level D actually represents a separate conductance state of the IP~3~R cannot be determined conclusively at present. Our analysis indicates an apparent association or cooperativity between levels D and M, but these features may indicate either that D is a true sub-state or a reflection of interactions between two IP~3~R, each with state M only. Such interactions between IP~3~R channels may also exist in multi-channel clusters. Conductance states L and S (∼150 pS and 80 pS between ± 20 mV, respectively) were also detected in the current studies. A previous study using similar conditions ([@B67]) reported four states with conductances of 244 pS, 172 pS, 126 pS, and 90 pS, the 172 pS state being predominant. Assuming that this 172 pS state is the one we term M, the relative conductances of the other states compared to the predominant one are: 1.42, 0.73, and 0.52, respectively. These values agree reasonably well with the conductances of the states L, S, and H relative to state M in our studies, suggesting that the larger conductances reported by [@B67] may be explained by their failure to observe and take into account the non-linear behavior of the I-V relation (Fig. [1](#F1){ref-type="fig"}). Four equally spaced conductance states of the mammalian type 1 receptor have been observed in reconstitution experiments ([@B77]). Considering the relative conductances of those states, it is possible that the first, second, and fourth level observed in the reconstitution experiments represent states H, M, and D in our experiments. However, reconstituted IP~3~R occupied the first, second, and third conductance states with similar frequencies (29, 35, and 35%), whereas the fourth state was rarely observed (1%) ([@B77]). In its native membrane environment in our experiments, state H was rarely observed and no state corresponding to the third state was observed ([@B35] and present data).

Kinetic Features of the IP~3~R
------------------------------

Kinetic analysis of the open (M) and closed (C) states dwell-time distributions of IP~3~R reveals at least two kinetic states for M with τ of \<5 and ∼20 ms, respectively; and at least three kinetic states for C with τ of ∼1 and ∼10 ms and \>1 s, respectively. The long open kinetic state (τ ∼20 ms) observed in the present study is longer and occurred more frequently than previously reported ([@B35]). Its time constant is also considerably longer than that observed for the reconstituted IP~3~R ([@B77]), although it is similar to that observed for the reconstituted ryanodine receptor (20 ms; [@B64]). This latter point suggests that it may not be possible to generalize ([@B6]) about the physiological importance of different kinetic behaviors of the two channels in cells which express both ryanodine receptors and IP~3~R. The reasons for the marked kinetic differences of the channel gating we previously observed compared with those reported here are unknown. ATP in mM concentrations affects the open probability of the reconstituted IP~3~R ([@B5]; [@B48]). The experiments described in our previous report were performed in BONS in the absence of MgATP whereas most experiments in the present study were performed in the presence of 1 mM MgATP. Nevertheless, this variable is unlikely to account for the kinetic changes since similar channel kinetics, including high *P* ~o~ and long open duration, were also observed when we removed MgATP from our solution (unpublished data). To identify any possible effect on channel kinetics of the BAPTA (Richardson and Taylor, 1993; Combettes et al., 1994) experiments were performed in symmetrical low BAPTA solution (0.1 mM BAPTA, *n* \> 20) or EGTA-buffered solution (75 μM EGTA, *n* = 8) (data not shown). No substantial differences were observed in the I-V relation, *P~o~* distribution, open and closed state kinetics, or inactivation of the channel. The IP~3~R channel kinetics may depend on factors, such as redox ([@B30]) or phosphorylation ([@B72]; Joseph, 1995) states of the receptor, not adequately controlled between our previous and current experiments.

A high potential on the cytoplasmic side of the channel increased both the relative frequency of occurrence of the long closed kinetic state and its mean dwell time. Both voltage effects decrease the mean *P* ~o~ of the channel at high cytoplasmic potentials. This voltage dependence is consistent with that exhibited by reconstituted cerebellar IP~3~R in bilayers ([@B77]), IP~3~-sensitive channels in beet vacuole ([@B2]), and the ryanodine receptor ([@B58]). In contrast, [@B67] reported that the *Xenopus* IP~3~R exhibited a higher *P* ~o~ under more positive cytoplasmic potentials. We have no explanation for this discrepancy. With K^+^, Na^+^, and Cl^−^ ions distributed evenly on either side, as determined by electron probe x-ray study, there is probably little potential difference across the sarcoplasmic reticulum membrane ([@B66]). If the ionic distribution and transmembrane potential of the ER are similar, the voltage dependence of the IP~3~R detected here may not have physiological significance. However, without independent measurements of the ER membrane potential, it remains possible that steady-state transmembrane voltages or transient shifts of membrane potential due to gating of ER membrane ion conductances, for example during activation of the IP~3~R, do exist and influence IP~3~R kinetic properties and *P* ~o~. In any case, the voltage sensitivities may provide insights into the gating mechanisms observed under low-voltage conditions.

The *P* ~o~ of IP~3~R measured in our experiments is significantly higher than the maximum values previously reported for single-channel measurement of IP~3~R either in the nuclear membrane of oocytes ([@B35], *P* ~o~ ∼ 0.1; [@B67], *P* ~o~ \< 0.3) or reconstituted in lipid bilayers from isolated vesicles ([@B7]; [@B77]; [@B5], [@B6]; *P* ~o~ ∼ 0.1) or purified protein ([@B38]; *P* ~o~ \< 0.3). In some current records in the present study, *P* ~o~ remained close to 1.0 for seconds or even tens of seconds (Fig. [3](#F3){ref-type="fig"}). This observation demonstrates that the *P* ~o~ of the IP~3~R can switch from 0 in the absence of agonist to nearly unity when IP~3~ binds, under suitable conditions. This all-or-none behavior would enable the IP~3~R to mediate a rapid flux of Ca^2+^ out of intracellular Ca^2+^ stores, and thus it may contribute to the sharp rapid rise in cytoplasmic Ca^2+^ concentration observed in cells in response to IP~3~-generating stimuli ([@B49]; [@B43]; [@B20]; [@B54]). The combined influences of the IP~3~R channels\' high conductance and *P* ~o~ may be expected to result in high concentrations of Ca^2+^ in the immediate vicinity of the cytoplasmic face of even a single channel. Elevated levels of cytoplasmic Ca^2+^ concentration may inhibit Ca^2+^ flux through the IP~3~R ([@B7]; Marshall and Taylor, 1993; our unpublished observations). However, it is very unlikely that the long quiescent intervals corresponding to C~long~ reflect negative Ca^2+^ feedback on the channel. Since \[Ca^2+^\] was buffered at 200 nM in the pipette and bathing solutions, the amount of Ca^2+^ flux through the channel in the present experiments was small, particularly with positive potentials on the cytoplasmic side. It is unlikely therefore that any significant elevations in \[Ca^2+^\] occurred adjacent to the cytoplasmic side of the channel in our studies. Thus, the kinetic behavior of the IP~3~R, at least in response to high IP~3~ concentrations, is predicted to result in complex local cytoplasmic \[Ca^2+^\] signals by virtue of both feedback by \[Ca^2+^\] as well as intrinsic gating behavior of the channel.

Inactivation of IP~3~R
----------------------

An apparent inactivation of the IP~3~R was consistently observed in our experiments. The channel activity disappeared with a time constant of ∼30 s, in the continuous presence of IP~3~ in the micropipette, and in the absence of local change in \[Ca^2+^\] (as discussed above). Some (10%) channel disappearances could be reversed by an increase in the applied potential. In those cases, the channels must have entered a true inactivated state (I~Vdep~), remaining functionally intact inside the membrane patch. However, the majority of the channels, once inactivated, could not be reactivated during the course of the experiment. Since inactivation was not reported for IP~3~R reconstituted in lipid bilayers ([@B19]; [@B7]; [@B37]; [@B77]; [@B6]; [@B38]), it is possible that the irreversible disappearance of channel activity we observed is an artifact (run-down) caused by the isolation of IP~3~R in the special environment of the patched membrane. However, neither non-IP~3~R channels observed in our experiments (data not shown) nor the cystic fibrosis transmembrane conductance regulator C1^−^ channel observed by similar patch clamping of isolated mammalian nuclei ([@B57]) exhibited this behavior. Furthermore, recent patch-clamp measurements of purified IP~3~R ([@B75]) using the "tip-dip" technique (Coronado and La-torre, 1983) revealed no rapid disappearance of IP~3~R activity in lipid bilayer patches isolated on micropipette tips (Thrower, E., and A.P. Dawson, personal communication). Thus, by itself, the membrane environment in a patch clamp experiment appears to be insufficient to cause the disappearance of IP~3~R channel activity we observe. In permeabilized hepatocytes, inactivation of Mn^2+^ fluxes through the IP~3~R in the ER in the continuous presence of IP~3~ was observed ([@B22]) which had a time constant comparable to that measured for the disappearance of IP~3~R channel activity in our experiments. Therefore, it seems most likely that the irreversible disappearance of channel activity observed in our experiments is caused by the IP~3~R channels entering a true inactivated state (I~irr~) from which they cannot exit in the presence of a constant concentration of IP~3~. This inactivated state I~irr~ may correspond to an inactive, high IP~3~-affinity state ([@B59]; [@B24]; [@B78]) into which the IP~3~R converts after prolonged exposure to IP~3~R even in the presence of low \[Ca^2+^\] ([@B16]). The reported time course for this conversion in isolated sheep cerebellar microsomes (*t* ~1/2~ = 20 s at 20°C) is similar to that for channel inactivation seen in our experiments.

The time constant of channel inactivation (∼30 s) is too slow to be responsible for the rapid decline of IP~3~-stimulated Ca^2+^ release, observed in oocytes ([@B54]) and other cell types ([@B42]), which may be due to inhibition of IP~3~R by high local cytoplasmic \[Ca^2+^\] generated by the opening of the IP~3~R ([@B52]). However, the Ca^2+^-independent inactivation we observed may be involved in suppressing the reopening of the IP~3~R as the local \[Ca^2+^\] decreases ([@B22]), thus allowing the full dissipation of one \[Ca^2+^\] spike before the next cycle of \[Ca^2+^\] oscillation ([@B27]; [@B76]; [@B53]). Further experimentation will be required to determine whether the decline in channel activity we observed is due to true inactivation involving an inactivated state I~irr~ of the channel rather than run-down, and to define the mechanisms which enable the receptor to escape from this inactivated state.

Spatial Distribution of IP~3~R
------------------------------

Of 740 membrane patches tested, only 102 showed characteristic IP~3~R channel activity. It is unlikely that the low *P* ~d~ was caused by formation of membrane vesicles at the tips of the micropipettes ([@B23]) because 150 of our patches exhibited other ion channel activities. Of these, 22 showed IP~3~R activities as well, giving a similar *P* ~d~ (= 0.15) compared with all 740 patches.

We monitored the spatial distribution of functional IP~3~R by patch clamping over a wide area of the nuclear envelope and mapping the sites of channel activity. Based on this functional readout, we detected groupings of IP~3~R in two different spatial scales. The high frequency of obtaining membrane patches containing multiple IP~3~R channels (\>8 in some cases), despite the low overall *P* ~d~, suggests that the IP~3~R tends to aggregate into clusters (Fig. [3](#F3){ref-type="fig"}). However, in 26 of 59 patches with more than two current levels, attempts to repeatedly patch the same location failed to yield additional patches containing IP~3~R channels. Thus, these "micro" IP~3~R clusters are probably limited to less than 2 μm in diameter. Transient localized increases of cytoplasmic \[Ca^2+^\] imaged in the vicinity of the ER just beneath the plasma membrane of intact *Xenopus* oocytes ([@B53]; [@B81]) may also be consistent with a patchy distribution of IP~3~R in clusters. If these "puffs" were caused by the release of Ca^2+^ from the ER by the opening of IP~3~R, the Ca^2+^ current associated with one such Ca^2+^ "puff" is estimated to be ∼11 to 23 pA ([@B81]). With the Ca^2+^ current through unitary IP~3~R under physiological conditions estimated to be ∼0.5 pA ([@B6]), a Ca^2+^ puff would therefore be generated by the cooperative opening of a cluster of IP~3~R channels. Because of the considerable uncertainties in estimating variables like endogenous Ca^2+^ buffering capacity of the oocyte cytoplasm and the intralumenal free \[Ca^2+^\] in the ER, which were used in computing Ca^2+^ currents associated with a Ca^2+^ puff and a single IP~3~R channel, the number of IP~3~R channels that form a single Ca^2+^ release site in the oocyte ER may not be significantly different from the maximum number of IP~3~R channels (∼8) we observed in our multi-channel patches. The recent observations of Ca^2+^ "blips" with amplitudes approximately one-fifth or less of those of "puffs" and their interpretation as representations of unitary IP~3~R Ca^2+^ currents (Parker and Yao, 1996) is consistent with our observations of membrane patches with one to over eight IP~3~R channels, and therefore suggests a similar organization of IP~3~R in the nuclear envelope and ER in oocytes.

Besides the microscopic IP~3~R clusters, our experimental results suggest that, at least in some oocyte nuclei, there can also exist a large-scale heterogeneous distribution of functional IP~3~R with active areas that may extend over several or even tens of micrometers. In such "macro" clusters, membrane patches containing IP~3~R channels, frequently multiple channels, could be repeatedly obtained with *P* ~d~ close to 1. The grouping of IP~3~R into such "hot regions" is reminiscent of the self-organization into large-scale arrays of the ryano-dine receptor ([@B70]), the Ca^2+^ channel in muscle cells which has partial sequence homology with the IP~3~R ([@B46]). However, it is possible that the IP~3~R in the outer nuclear membrane is actually randomly distributed with a high density, but rarely functional except in the active regions. The IP~3~R has been immunolocalized in the nuclear envelope of *Xenopus* oocytes ([@B56]; [@B32]; [@B12]; [@B55]; [@B67]), but the resolution was insufficient to discern uneven IP~3~R distribution.

By demonstrating IP~3~R channel clustering, our results support the suggestion that heterogeneity of IP~3~R channel density among Ca^2+^ stores ([@B25]) could contribute to the increment detection mechanism observed for Ca^2+^ mobilization by IP~3~ (Mual-lem et al., 1989; [@B41]; [@B71]). Two mechanisms, the Ca^2+^-independent inactivation of IP~3~R in the continuous presence of a supramaximal concentration of IP~3~ (present data; [@B22]) and the inhibition of Ca^2+^ release by elevated cytoplasmic \[Ca^2+^\] ([@B7]; [@B26]; Marshall and Taylor, 1993), might limit the amount of Ca^2+^ that can be released from a Ca^2+^ store before the store is depleted, depending upon the kinetics of inactivation and the magnitude of the Ca^2+^ fluxes. A heterogeneous distribution of IP~3~R, as our observations suggest, may provide a mechanism to control the magnitude of the Ca^2+^ fluxes among different Ca^2+^ stores in various parts of the cell. For example, when exposed to a submaximal concentration of IP~3~, only those stores containing a sufficiently high density of IP~3~R will empty before the channels inactivate. Conversely, stores with a low channel density will only be partially emptied, and therefore able to release more Ca^2+^ when the IP~3~R channels are activated again. The delay of IP~3~R inactivation in regions with high channel density (Fig. [10](#F10){ref-type="fig"}) might generate a non-linear relationship between channel density and the amount of Ca^2+^ released, providing an amplification mechanism which could increase the number of "quantal" levels and therefore enable finer tuning of increment detection. Thus, the intrinsic inactivation mechanisms of the IP~3~R, together with channel clustering, may provide a mechanism to generate quantal release of Ca^2+^ without requiring a dependence of Ca^2+^ release on luminal \[Ca^2+^\] or heterogeneous sensitivity of the IP~3~R for IP~3~ ([@B8]).

Voltage-dependent Behavior of the IP~3~R
----------------------------------------

Our investigations have revealed a complex pattern of voltage dependencies of the gating activities of the IP~3~R channel. First, in either the normal or flicker modes, an increase in *V* ~app~ decreased the average open probability by increasing both the frequency and duration of long channel closures. Second, an increase in *V* ~app~ when the channel was in the flicker mode favored occupancy of F~2~ over F~1~ by simultaneously increasing the average dwell time of F~2~ and decreasing that of F~1~. Finally, the channel in either mode could be reactivated from an inactive state I~Vdep~ by an increase in *V* ~app~. To provide a framework for integrating these complex voltage-  dependent gating behaviors, we developed the following simple model for channel gating (Fig. [14](#F14){ref-type="fig"}).

The model assumes, first, that channel opening in both the normal and flicker modes is controlled by the same mechanism (Fig. [9](#F9){ref-type="fig"}, gate A). This assumption is supported by the observations that (*a*) the dwell time distribution for the closed state (C) of the IP~3~R channel in the normal mode is similar to that of the inter-burst quiescent periods in the flicker mode, with the same voltage dependence; and (*b*) the dwell time distribution for the main state (M) of the normal mode is similar to that for the bursts in the flicker mode. Second, the model assumes that flicker activity is generated by a separate and independent mechanism (Fig. [9](#F9){ref-type="fig"}, gate B) in series with gate A. The channel is closed when either gate is closed, and is open only when both gates are open (completely or partially). In the normal mode, gate B is in a completely open kinetic state (O) and the channel gating is determined entirely by gate A. Gate A has at least two open and at least three closed kinetic states, as revealed by dwell time analysis of the channel in normal mode. The precise transition scheme among these kinetic states has yet to be determined. Only the transition into and out of the long closed kinetic state C~long~ is voltage dependent. A high *V* ~app~ increases the rate of transition into state C~long~ and decreases the rate of transition out of it, thus increasing both the frequency and duration of the long quiescent periods in the normal mode, and the inter-burst periods in the flicker mode.

In this scheme, the channel exhibits flicker behavior when gate B leaves the completely open state O and enters two partially open states, with different conductances corresponding to the F~1~ and F~2~ states. Transitions between F~1~ and F~2~ are rapid, involving a relatively low activation energy barrier and, therefore, causing the flickering characteristics, as well as voltage dependent, with a high *V* ~app~ increasing the rate of transition F~1~ → F~2~ and decreasing the rate of F~2~ → F~1~.

Because most of the channels entered the flicker mode after being reactivated by an increase in *V* ~app~ from the inactive state I~Vdep~ (*n* = 13 out of 17 reactivations), the model includes I~Vdep~ as a kinetic state of gate B, with an increase in *V* ~app~ favoring the transition of I~Vdep~ into F~1~ and F~2~ (Fig. [14](#F14){ref-type="fig"}). This model predicts that a decrease in *V* ~app~ will cause the gate to enter the inactive state I~Vdep~, which agrees with the observations that (*a*) the channel was never detected in the flicker mode under negative *V* ~app~; and (*b*) when the channel was in the flicker mode, a change of *V* ~app~ from positive to negative closed the channel completely until *V* ~app~ was reversed to positive again.

In this model, gate B is usually in state O since the channel is usually observed in the normal mode. Thus, state O of gate B must be kinetically stable. This stability inhibits gate B from closing readily from O to I~Vdep~ under negative *V* ~app~, even though I~Vdep~ may be energetically more favorable under negative *V* ~app~. Thus, unlike in the flicker mode, the channel in the normal mode could be observed under negative *V* ~app~, with gate B staying in state O.

The model is obviously incomplete. The rarity of conductance states H, S, and L prevents their incorporation into the model, and since the evidence for current level D being a real state of IP~3~R is not conclusive, that current level was also left out. It is also unclear how the irreversible inactivated state I~irr~ fits into the model. The fact that the channel activity duration histogram could be fitted with a single exponential component suggests that there is probably one major inactivation pathway to one kinetic state I~irr~, which could in principle be caused by the irreversible closing of either gate A or gate B, or could involve an independent gating mechanism. Nevertheless, the two-gate model proposed here can account for much of the single-channel gating behavior of the IP~3~R we observed, especially those with voltage dependence. Therefore, it provides a framework for developing hypotheses for future experiments.

Along those lines, what might be the nature of gates A and B? IP~3~R gating in the normal kinetic mode has been observed in native membranes ([@B35]; present results; [@B67]), or in artificial lipid bilayers ([@B19]; [@B7], 1994; [@B37], [@B38]; [@B77]; [@B5], [@B6]), although the kinetic properties observed differed, possibly because of environmental factors. Thus, we speculate that gate A is intrinsic to the channel, with the various closed and main kinetic states corresponding to different conformations of the IP~3~R molecule. In contrast, those states involving gate B, i.e., F~1~, F~2~, and I~Vdep~, have been observed only in our experiments, with the IP~3~R relatively unperturbed in its native membrane environment. Therefore, it is possible that gate B reflects an accessory molecule associated with the IP~3~R molecule which is lost during reconstitution. It is interesting to note that the flicker kinetics of the IP~3~R channel are reminiscent of the ion and drug-  induced flickering blocks in other channels ([@B51]; [@B21]). Recent results support the notion that accessory molecules might contribute to the kinetic behavior of intracellular Ca^2+^  release channels. Both the ryanodine receptor ([@B28]; [@B74]) and IP~3~R ([@B13]) are associated stoichiometrically with FKBP12, a ubiquitous 12-kD protein. FKBP12 binding to the ryanodine receptor is associated with marked changes in the gating properties of the channel (Ahern et al., 1994; [@B14]; [@B34]) which may reflect, under some conditions, the kinetics of FKBP12 moving into and out of the channel pore under the influence of trans-membrane electric field ([@B34]). By analogy, FKBP12 or another protein may be an accessory molecule that constitutes gate B in our model, a hypothesis which will require further investigation.
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![(*A*) I-V curve of the main state M of the IP~3~R in the oocyte outer nuclear membrane. Channel current amplitudes in symmetric standard solution (*filled circles*) were evaluated as the difference between Gaussian peaks fitted to current amplitude histograms of current records containing the closed and main states (*n* = 12; filtered at 1 or 5 kHz). Current amplitude in an excised patch in symmetric basic oocyte nucleus solution obtained previously ([@B35]) is also plotted (*solid line*). The dashed lines represent differential conductances of 113 pS at 0 mV and 300 pS at 60 mV, respectively. (*B*) Typical current traces of the IP~3~R channel at 20 mV, showing closed (*C*), main (*M*), and double (*D*) states. Data was digitized at 2 kHz and filtered at 1 kHz.](JGP.mak1){#F1}

![Typical multiple-channel current record showing seven equally-spaced current levels at the beginning of the recording. Channel activity duration for this record is 70.2 s (from the beginning of the record to the final closing event as the last observed channel inactivated). *V* ~app~ was 20 mV. Data were digitized at 2 kHz and filtered digitally at 300 Hz.](JGP.mak2){#F2}

![(*A*) Histogram analysis of current levels observed in 740 patches (*unshaded histogram with thick outline*). Also plotted (*shaded histogram with thin outline*) is the Poisson distribution with the same mean current level number per patch (0.44 current level/patch for 740 patches), calculated by assuming that each current level represents an individual IP~3~R that exhibited only the M state and that the channels were evenly distributed on the outer nuclear membrane. (*B*) Histogram analysis of number of channels in the 740 patches (*unshaded histogram with thick outline*) assuming that all IP~3~R channels observed exhibited the D state, such that every two current levels detected represents one channel. The theoretical Poisson distribution with the same mean channel number per patch (0.25 channel/patch for 740 patches) is also plotted (*shaded histogram with thin outline*). In both cases, the large number of observed multiple-channel patches compared with the number of observed single-channel patches suggests that the IP~3~R channels are not evenly distributed in the outer nuclear membrane of oocytes.](JGP.mak3){#F3}

![(*A*) Current trace and open probability histogram of a typical current record with the IP~3~R channel in the main and closed states. Base-line current level fluctuated in the record because current recording was started before the gigaseal completely stabilized. The channel in the current record inactivated permanently by 9 s after seal formation. Bin width for the histograms is 0.25 s. (*B*) Open probability histogram for a single IP~3~R with longer duration of channel activity. Bin width is 1 s. For both records *V* ~app~ was 20 mV, data were digitized at 2 kHz and filtered at 300 Hz digitally.](JGP.mak4){#F4}

![Dwell time histograms for the closed state C and open state M of the IP~3~R at *V* ~app~ = (*A*) 20 and (*B*) 40 mV, respectively. Only states C and M were observed in the single-channel current records used for this analysis. 6 records with total duration of 139.1 s were used for *A*, and 1 record with duration of 42.8 s was used for *B.* The smooth curves are theoretical probability density functions consisting of two exponentials fitted to the histograms by the maximum likelihood method ([@B63]). The time constants for the exponentials fitted are labeled in ms beside the corresponding peaks in the curves. (*C*) Duration histograms of inter-burst closed state and the activity bursts of an IP~3~R channel in the flicker mode at *V* ~app~ = 40 mV. The activity burst duration was defined as the interval between the departure of the channel from the closed state into either one of the flicker states (F~1~ or F~2~) and its subsequent return to the closed state for a period longer than 1 ms. Data were digitized at 2 kHz, filtered at 800 Hz and analyzed using MacTac software with channel dwell time corrected for the filtering ([@B15]).](JGP.mak5){#F5}

![The effect of applied potential on IP~3~R channel open probability. 〈*P* ~o~〉 is the overall open probability of the channel averaged over the interval during which the applied potential *V* ~app~ was constant. Bin width of the *P* ~o~ histogram is 0.25 s. The intervals (2-- 6 s) during which the applied potential was changed in the experiment were omitted in the graphs to avoid confusion. (*A*) A single-channel patch in which only states C and M were observed in the entire current record up to the failure of the gigaseal at *t* = 615 s. (*B*) A patch showing two equally-spaced channel current levels. The channel(s) observed inactivated at *t* = 262 s. 〈*P* ~D~〉 is the probability of observing the channel current in the higher level D, averaged over the interval indicated by the width of the bin. Channel current level D was not observed after *t* = 117.5 s. *P* ~o~ is the probability of the channel being open, i.e., *P* ~o~ = *P* ~D~ + *P* ~M~, where *P* ~M~ is the probability of observing the channel current in the main state level.](JGP.mak6){#F6}

![Current traces showing rarely observed conductance states L (*A*) and S (*B*) for channels in normal kinetic mode from 2 separate experiments. Data were digitized at 2 kHz and filtered at 1 kHz. *V* ~app~ = 20 mV for (*A*) and 50 mV for (*B*).](JGP.mak7){#F7}

![Open probability histograms for experiments in which two evenly spaced current levels (*M* and *D*) were detected. (*A* and *B*) Histogram bin width is 5 s. Unshaded histogram bars are the measured probability of the channel current in level D (*P* ~D~); shaded bars with thin error bars are the measured probability (± SEM) of the channel in state M (*P* ~M~). Assuming that current level D is caused by two independent and equivalent channels contained in the same membrane patch opening to state M simultaneously, the theoretical probability *P* ~1~ of the channel current being at the level corresponding to a single channel in state M is given by the binomial distribution,$\documentclass[10pt]{article}
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\begin{equation*}P_{1}=2\sqrt{P_{2}}(1-\sqrt{P_{2}})\;.\end{equation*}\end{document}$ The solid lines represent the theoretical probability *P* ~1~ evaluated using the measured probability *P* ~D~ as *P* ~2~. The thick error bars represent the errors in *P* ~1~ evaluated from the SEM of *P* ~D~. In *A*, the measured *P* ~M~ agreed well with the theoretical *P* ~1~ calculated from *P* ~D~, indicating that the patch probably contained two independent and equivalent channels until one channel inactivated after *t* = 70 s. In *B*, which is typical of the majority of channel current records showing two evenly spaced current levels, *P* ~M~ and *P* ~D~ measured did not obey the binomial distribution expected for two independent and equivalent channels. (*C*) Open probability histogram of an experiment with current level D that exhibited long quiescent periods. Histogram bin width is 0.1 s. Unshaded histogram bars represent *P* ~D~; shaded bars represent *P* ~M~.](JGP.mak8){#F8}

![Open probability (*P* ~o~) and applied voltage (*V* ~app~) graphs of an experiment showing the two different types of channel inactivation: the voltage-reverted inactivation occurring at *t* = 32.25 s that was reversed by the increase of *V* ~app~ from 20 to 60 mV at *t* = 60.0 s; and the irreversible inactivation occurring at *t* = 99.0 s. Bin width of the histogram is 0.25 s.](JGP.mak9){#F9}

![Channel activity-duration histograms of the IP~3~R for (*A*) single-channel experiments in which only one channel current level (state M) was observed (*n* = 24, including six inactivations after reactivation by a voltage jump); (*B*) multiple-channel experiments in which three or more channel current levels were observed (*n* = 41, including six inactivations after reactivation by a voltage jump). Note the compressed time scale of (*A*) after *t* =180 s. The measured duration of channel activity was the duration between the formation of the gigaseal (when seal resistance exceeded 200 MΩ) and the last observed channel closing event. The smooth curve in *A* is a single exponential functions fitted to the activity duration histogram with time constant of 21.1 ± 0.6 s. The smooth curve in *B* represents the theoretical functions fitted to the activity duration histogram for *k* = 4 with time constant of 41 ± 3 s. The theoretical fits for *k* = 3, 5, and 6 are very similar in shape, with different values for the time constant. Experiments in which the gigaseal broke before the channel(s) inactivated (*n* = 3 and 18 for *A* and *B*, respectively) were excluded from the activity duration histograms. Their duration distributions (*shaded histograms*) showed that failure of the gigaseal probably does not cause any significant systematic bias in the activity-duration histograms.](JGP.mak10){#F10}

![Typical current trace of an IP~3~R channel (*A*) in the normal kinetic mode (*B*) in the flicker kinetic mode with bursts of activities and (*C*) in a transition from flicker mode to the normal mode without closing. The dashed lines indicate the current levels of the various conductance states. *V* ~app~ was 50 mV. Data were digitized at 12.5 kHz and filtered at 5 kHz.](JGP.mak11){#F11}

![(*A*) Current amplitude histogram of a channel in the flicker kinetic mode. Segments of current traces during which the channel showed bursts of activities were selected to generate the histogram with bin width of 0.1 pA. *V* ~app~ was 50 mV. Data were digitized at 12.5 kHz and filtered at 5 kHz. Theoretical fit to the histogram (*smooth curve*) is the sum of three Gaussian functions representing the closed state C (*dashed curve*), and the flicker states F~1~ and F~2~ (*shaded areas*). (*B*) Ratios of the channel current amplitude *I* ~F1~/*I* ~M~ and *I* ~F2~/*I* ~M~ under various applied potentials. The current amplitudes *I* ~F1~, *I* ~F2~, and *I* ~M~ used for each data point were obtained in the same patch clamp experiment. Solid circles represent *I* ~F1~/*I* ~M~ and open circles *I* ~F2~/*I* ~M~. Dashed lines indicate the mean ratios assuming no voltage dependence (0.27 for *I* ~F1~/*I* ~M~ and 0.78 for *I* ~F2~/*I* ~M~). Most of the error in the ratios came from the fitting of the channel current amplitude histogram with the Gaussian functions. (*C*) Voltage dependence of the relative occupation probability of the flicker channel states *P* ~F2~/*P* ~F1~. Each type of open symbol (*squares*, *triangles*, *circles*, and *diamonds*) represents a series of data points obtained from the same single-channel patch. Filled circles are data points each from an individual patch at only one voltage. The straight line is the theoretical fit assuming that the occupation probability follows a Boltzmann distribution. The larger error in the data points for 20 mV is due to difficulty in fitting the Gaussian function to the scarce F~2~ state.](JGP.mak12){#F12}

![Effect of applied potential on the dwell time distributions of the flicker states F~1~ and F~2~. In *A* and *B*, *V* ~app~ = 30 mV for the unfilled histograms, and the solid curves are the theoretical probability density functions each with one exponential component fitted using the maximum likelihood method ([@B63]). *V* ~app~ = 60 mV for the shaded histograms and the dashed curves are their fitted single-exponential probability density functions. The transition counts were normalized so that the peaks of the fitted probability density functions have the same height. There are 784 and 209 transitions for 30 and 60 mV, respectively, in *A*; and 543 and 380 transitions for 30 and 60 mV, respectively, for *B.* Analysis was done on data digitized at 12.5 kHz and filtered at 2 kHz using pClamp 6.0.2. (*C*) is the graph of the time constants τ of the theoretical probability density functions fitted to the dwell time histograms of the flicker states under various applied potentials. Squares are time constants for F~1~ and circles are for F~2~. Open and filled symbols are from two different experiments. The lines are theoretical time constant values fitted according to the Arrhenius theory.](JGP.mak13){#F13}

![Schematic diagram of the double-gate model, showing transitions, especially voltage-dependent ones, between various kinetic states for the two gates controlling the kinetic behavior of the IP~3~R channel.](JGP.mak14){#F14}
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